While quantum processors are typically cooled to <25mK to avoid thermal disturbances to their delicate quantum states, all qubits still suffer decoherence and gate errors. As such, quantum error correction is needed to fully harness the power of quantum computing (QC). Current projections indicate that >1,000 physical qubits will be required to encode one error-corrected qubit [1] . Implementing a system with 1,000 error-corrected qubits will likely require moving from the contemporary paradigm where control and readout of the quantum processor is carried out using racks of room temperature electronics to one in which integrated control/readout circuits are located within the cryogenic environment and connected to the quantum processor through superconducting interconnects [2] . This is a major challenge, as the cryo ICs must be high performance and very low power (eventually <1mW/qubit). In this paper, we report the design and system-level characterization of a prototype cryo-CMOS IC for performing XY gate operations on transmon (XMON) qubits.
A XMON qubit [3] is a non-linear resonator comprised of a capacitor in parallel with a Josephson junction (see Fig. 1 ). The non-linearity results in anharmonic energy levels, with f01 and f01 -f12 typically 4-8GHz and 250MHz. The junction loop (SQUID) makes the XMON frequencytunable. The XY, Z, and readout ports are used for microwave drive, frequency tuning, and readout, respectively. Due to the anharmonicity, a band-limited drive signal centered at f01 applied to the XY port excites only the 0®1 transition. In this case, the qubit is represented by its two lowest energy levels: |yñ = cos(q/2)|0ñ + exp{jf}sin(q/2)|1ñ, which can be interpreted as a point on the surface of the Bloch sphere (Fig. 1) . The XY drive signal produces a deterministic rotation (gate operation) about an axis in the XY plane of the Bloch sphere, where the axis and angle of rotation are determined by the carrier phase and integrated envelope amplitude of the drive signal, respectively. The finite coherence time of a XMON (~0.1ms) motivates fast gates, but there is a tradeoff: the increased spectral width of fast pulses can drive the f12 transition, causing errors.
Thus, shaped pulses, typically Gaussian or cosine, are used. Pulse lengths and envelope amplitudes referenced to the XY port of the qubit are typically 10-30ns and 10-100µV.
A standard XMON control/readout system [4] , as shown in Fig. 2 , uses a number of AWGs and ADCs that are fast (1Gsps) and high-resolution (14b and 8b, respectively). We propose replacing the XY AWG with an IC of the architecture shown in Fig. 2 , situated on the 3K stage of the system. The IC was designed to support carriers from 4-8GHz and consists of a pair of currentmode DACs that are controlled via a waveform memory and upconverted by a vector modulator.
It was designed to operate at a physical temperature of 3K, where PDK models are unavailable: in addition to power draw and envelope accuracy, tolerance to increases in mismatch and threshold voltages [5, 6] was considered during design. Fortunately, non-monotonicity and/or non-linearity in the DACs is tolerable for this application, since calibration would be carried out in a practical QC system. A die micrograph appears in Fig. 7 , which also shows the wirebonded IC and the module used for testing. The module was mounted on the 3K stage of a dilution refrigerator for testing with a qubit. The setup (Fig. 4) included provisions to inject a signal from a standard XY AWG, null-out LO leakage, and monitor the IC output. The IC was characterized at 300K using an oscilloscope connected to TP1 and functioned with fLO and fCLK exceeding the range of 4-8GHz and 0.5-3GHz, respectively. The power required to drive the inputs of the clock and LO hybrids was less than -20dBm at 2GHz and -10dBm at 5.6GHz, respectively. An example waveform for fLO=5.6GHz and fCLK=2GHz appears in Fig. 4 . Here, the chip was initialized with 16 different waveforms, which were stepped through using the select lines.
Once cold, the qubit was tuned to 5.6GHz and settings for AT1 and PH1 were found to minimize idle |1ñ state occupation (i.e., due to LO leakage). Rabi experiments using the cryo-CMOS IC were next carried out. As described in Fig. 5 , state probabilities were measured as a function of pulse amplitude when the qubit had been initialized to |0ñ and then driven by either one or two raised cosine pulses of varying amplitude. The amplitude was varied by sweeping the DAC reference current (IN) for eleven different values of IP. At each point, state probabilities were computed from 5,000 measurements. At 3K, the DACs producing IN were non-linear and nonmonotonic, so the Rabi data are plotted versus pulse amplitude, measured at the XY monitor port using a spectrum analyzer. The results in Fig. 5 show the expected behavior: the maxima of the |0ñ and |1ñ state probabilities are consistent with separately measured |0ñ and |1ñ state readout error rates of 2.4% and 6.8%.
The fast-switching and phase-control features of the IC were evaluated using a three-gate experiment, consisting of (1) initializing the qubit to the |0ñ state, (2) applying an X-pulse to produce a rotation of qA about the X-axis, (3) applying a p-pulse with carrier phase fB to produce a rotation of p radians about a vector at an angle of fB from the x-axis in the XY plane, (4) applying a second X-pulse to produce a rotation of qA about the X-axis, and (5) measuring the qubit state (see Fig. 6 ). This sequence was run for fB in (0, 2p) and AA such that qA was estimated to be in the range of 0 to p. Raised cosine envelopes were used for all pulses. The results, which show the IC can be used to perform coherent quantum control, appear in Fig. 6 alongside baseline measurements taken using standard qubit control electronics. The RMS error for the IC is <12%, which is excellent, given that no calibration was performed.
The cryo-CMOS IC is compared to a standard system in Fig. 6 . Of particular importance is the low power, which was estimated by measuring the total AC and DC power required to continuously drive p-pulses. While the demonstration of a cryogenic quantum control interface dissipating <2mW is an important step towards the development of a scalable quantum control and measurement system, much research is still required to implement such a system. Future work could focus on calibration algorithms or the development of ICs for control of multiple qubits, qubit readout, or other related applications. 
